In conventional nonlinear optics, the selection rules of harmonic generation and other nonlinear optical processes are mainly based on the symmetries at the most fundamental levels, were investigated in chiral metamaterials with four-fold rotational symmetry. It was found that the four wave mixing only occurs when the signal beam and the pump beam have the same circular polarization, and the resulting nonlinear generated beam has the same circular polarization as well 22 .
open new avenues for designing symmetry-dependent nonlinear optical responses with tailored plasmonic nanostructures.
In conventional nonlinear optics, the selection rules of harmonic generation and other nonlinear optical processes are mainly based on the symmetries at the most fundamental levels, such as of molecular structures and atomic crystal configurations 1, 2 . However, the macroscopic symmetry of photonic crystals, nanoparticles, quantum dots, and liquid crystals may lead to new selection rules for the nonlinear optical processes. The importance of macroscopic symmetry is especially prominent in plasmonic nanostructures, in which localized surface plasmon polariton excitations can be very sensitive to shape, size, and surrounding medium 3 . The strong field localization in plasmonic nanostructures has been utilized to enhance the second harmonic generation (SHG) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , third harmonic generation (THG) [15] [16] [17] [18] , and four-wave mixing [19] [20] [21] . In the past several years, much work has been dedicated to the investigation of SHG in plasmonic structures with broken mirror symmetry, such as split ring resonators 4 , L and V-shaped nanorods 5, 6 , and G-type chiral metamolecules 7, 8 . Very recently, symmetry related selection rules were investigated in chiral metamaterials with four-fold rotational symmetry. It was found that the four wave mixing only occurs when the signal beam and the pump beam have the same circular polarization, and the resulting nonlinear generated beam has the same circular polarization as well 22 .
It was discovered that harmonic generation with circularly polarized light obeys certain selection rules which relate the order of harmonic generation to the rotational symmetry of the molecules [23] [24] [25] . The selection rules state that for a circularly polarized fundamental wave propagating along the axis of a crystal or molecule with n fold rotational symmetry, the allowed orders for harmonic generation are ( 1) ln , with l being an integer, and the '+' and '-' sign corresponding to harmonic generation of the same or opposite circular polarization state, respectively. Based on the selection rules for THG, circularly polarized (CP) light cannot generate a third harmonic wave in isotropic media [23] [24] [25] [26] [27] , since the spin angular momentum of the light would not be conserved in such processes. One interesting property of THG with circular polarization is that CP light produces THG with only opposite handedness when it propagates along the axis of a crystal with four-fold rotational symmetry 26, 27 . This rule holds for the microscopic molecular symmetry, however, it has not been experimentally verified at the mesoscopic symmetry level of artificial nanostructures, where the significant enhancement of the field due to the strong interaction between light and the nanostructure greatly increases the efficiency of the nonlinear processes.
For the investigation of the correlation between rotational symmetry and third harmonic generation of circularly polarized light, we designed three types of plasmonic crystals consisting of an array of rectangular nanorods with C2 rotational symmetry, cross-nanorods with C4 symmetry, and three pedal nanorods with C3 symmetry (Fig.1a) . Note that the nanostructures with C2 and C4 symmetries are arranged in a square lattice, whereas structures with C3
symmetry are arranged in a triangular lattice, such that the symmetries of the structures and the lattice are consistent with each other. A thin organic film made of poly(9,9-dioctylfluorence) (PFO) which has a high third-order nonlinearity was coated onto the plasmonic crystals to generate the THG in the experiments. We confirmed that a bare PFO film does not produce THG under CP light excitation as predicted by the selection rules. However, CP light induced THG can be observed by introducing the C2 and C4 symmetry plasmonic crystals while it cannot be observed from samples with C3 symmetry. Hence our experiments directly prove that the selections rules for CP light induced THG also works for plasmonic nanostructures with mesoscopic symmetry. We further observe that while the rectangular nanorods with C2 symmetry generate THG light with both circular polarizations, the nanostructures with C4 symmetry produce THG with only the opposite circular polarization state (Fig. 1b) . These findings provide us with more freedom to manipulate optical spin-dependent nonlinear optical processes using plasmonic macromolecules. The third harmonic generation measurements (Fig. 3a) were performed using the light from a femtosecond (fs) laser pumped optical parametric oscillator (repetition frequency: 80
MHz, pulse duration: ~200 fs, averaged power: P = 8 mW) at a wavelength of  =1.25 µm, which is close to the LSPP wavelength of all three plasmonic meta-crystals. In the measurement, the fundamental pulses are focused to a spot with diameter of ~ 50 µm using an infinity-corrected objective lens (5x, N.A = 0.10) with focal length of 25.8 mm. The resulting THG signal from the gold-PFO hybrid samples is collected in transmission by a second infinity-corrected objective lens (5x, N.A = 0.10) and imaged onto a color charge coupled device (CCD) camera after filtering out the fundamental wavelength using a band-pass filter (315 nm-710 nm).
The CCD images of the THG signal at a wavelength of 417 nm from the C2, C3 and C4 symmetry samples are shown in Fig. 3b , and the measured intensities of the THG signal are summarized in Table 1 . As expected, we observe a THG signal from all three samples when illuminated with linear polarized light as no selection rule prohibits the THG for linear polarized light. Compared to the THG from a pure PFO reference film, the LSPP resonance of the gold nanorods dramatically improves the efficiency of THG from gold-PFO hybrid structures due to the near field enhancement of the electric field in the vicinity of the nanorods. For the C2 symmetry metacrystal, the THG intensity for H polarization is much higher than that for V polarization. This is reflected from the linear optical property of the C2 nanorod which shows that the excitation of the vertical polarization state is non-resonant (see Fig. 2b ). For samples with C3 and C4 symmetries, the THG for both H and V polarizations are of similar intensities as both of the two polarization states can excite the LSPP resonance at the fundamental frequency in the near-infrared. We also observe the THG signal from a surface with only gold nanorods with no embedded PFO film is much weaker than that from a bare PFO film. This indicates that the THG of the gold-PFO hybrid systems is dominated by the contribution from the PFO film due to its large third harmonic nonlinear coefficient.
In the next step we carried out the THG measurements for circularly polarized light (Fig.   3b ). For the bare PFO film we do not observe any THG signal within our detection limit when the sample is illuminated with circularly polarized light. This result agrees with the selection rules for THG; in fact the thin PFO film on the glass substrate with the organic molecules randomly oriented can be treated as an isotropic medium [22] [23] [24] [25] [26] . However, once the plasmonic nanorods are embedded into the PFO film, they significantly change the local field distribution and thus alter the THG process. Besides the strong field enhancement at the fundamental wavelength, the polarization state of the local electric field in the vicinity of the plasmonic structures is strongly modified by the presence of the LSPP resonance mode and is in general not circularly polarized. This gives rise to nonzero local third-order nonlinear polarization, whose emission into the far field is further mediated by the response of the plasmonic structures at the THG wavelength. Interestingly, although the local third-order nonlinear polarization is nonzero, the overall THG from the C3 symmetry sample vanishes in the far field. This is dictated by the rotational symmetry of the nanostructures and the lattices. Hence, all the experimental observations are consistent with the selection rules of THG with circularly polarized light excitation in crystal optics 27 .
The selection rules for THG can be understood through the symmetry consideration of the field distribution of both the fundamental wave and the THG wave in the nonlinear plasmonic system. Due to the deep subwavelength thickness of the plasmonic structures, the phase matching condition along the propagation direction is not important, therefore the conversion to the THG signal can be simply expressed as 
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Here (3)  is the local third-order susceptibility of PFO and gold. 
